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1. Background {#s0005}
=============

Coronaviridae (coronavirus) is a family of positive-sense single-stranded RNA viruses, responsible for several common-cold-like and severe respiratory infections ([@b0920], [@b0610], [@b0120]). This family has over 30 viruses and has the largest reported genome of all RNA viruses of 30 Kb ([@b0030], [@b0855], [@b0485]). Coronaviruses are subdivided into four groups; Alphacoronavirus (Alpha-CoV), Betacoronavirus (Beta-CoV), Gammacoronavirus (Gamma-CoV), and Deltacoronavirus (Delta-CoV) ([@b0610]). To date there are six known coronaviruses that have caused infections in humans, these are HCoV-229E, HCoV-OC43, HCoV-NL-63, HCoV-HUK-1, SARS-CoV, and MERS-CoV, mainly belonging to the Beta-CoV group ([@b0310]). In the past 17 years, there have been three major outbreaks caused by human coronaviruses. This include the severe acute respiratory syndrome coronavirus (SARS-CoV) that emerged in 2003 in China and affected 26 countries ([@b0310], [@b0410], [@b0570]). The second outbreak of human coronaviruses caused by the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) occurred in 2012 ([@b0310], [@b0940]), affecting 27 countries wth over 2400 cases as at the end of 2019 ([@b0805]). More recently in 2019, a novel coronavirus, called the SARS-CoV-2 emerged in Wuhan, China ([@b0465], [@b0985]). As at 4th July 2020 the official data from the World Health Organization (WHO) indicates that over 10.9 million people globally have the COVID-19, the disease caused by SARS-CoV-2, ([@b0815]).

The short time between the emergence of new coronaviruses has been attributed to the poor proofreading capability of RNA polymerases ([@b0315]). Additionally, the simultaneous occurrence of different coronaviruses in the same environment may contribute to the emergence of new strains of this virus through recombination ([@b0310], [@b0700]).

This group of viruses have the potential to grow in epithelial cells and usually causes respiratory infection, hence the names Severe Acute Respiratory Syndrome Coronavirus or Middle East Respiratory Syndrome Coronavirus ([@b0465], [@b0120]). Clinical symptoms include, diarrhea, nausea, fever, cough and myalgia, although some may be asymptomatic ([@b0465], [@b0265], [@b0135]). In the SARS-CoV outbreak of 2003, 16--73% of the patients had diarrhoea, which was reported during the first week of the illness ([@b0920]). During the current outbreak of COVID-19 evidence suggests that 2--35% of the patients have gastrointestinal (GI) symptoms, such as diarrhoea, abdominal pain, and vomiting, although it is less frequent compared to respiratory symptoms ([@b0920], [@b0765]). This has led to the detection of the viral RNA in feces and sewage ([@b0030], [@b0105], [@b0550], [@b0895]). Some studies have reported infectious virions of coronavirus in feces ([@b0945], [@b0770], [@b0885]). Information on the persistence of coronaviruses in wastewater is therefore important, especially to understand the potential risks for exposed populations.

This review, therefore, presents the current state of knowledge on coronaviruses in wastewater processes. We reviewed studies that report on coronaviruses in feces and urine, that may result in the occurrence of these in wastewater. Additionally, we address the fate of these viruses in wastewater; which looks at their survival and removal during wastewater treatment. Since infective virions have been found in feces, we also looked at the potential of infections for workers/operators of wastewater treatment plants and the general public.

2. Methodology {#s0010}
==============

The review was prepared based on literature search in the following databases for publications up to 2nd May 2020; Pub Med; Web of Science, ScienceDirect, google scholar and ResearchGate. The keywords and word strings used for the search were; Coronavirus OR Coronaviridae OR Severe Acute Respiratory Syndrome OR SARS OR SARS-CoV OR SARS-CoV-2 OR COVID-19 OR Middle Eastern Respiratory Syndrome OR MERS OR MERS-CoV AND Wastewater OR Sewage OR Feces OR Urine OR Gastrointestinal infections. All results of the search were screened manually for relevant information and their references searched for additional publications that may be relevant. Due to the urgency of the current COVID-19 pandemic, there are several manuscripts in the pre-print form with a wealth of information relevant for the review, therefore both peer-reviewed and pre-print articles were reviewed. Articles reporting on coronavirus infections that do not present information on the detection of the virus in feces, urine, wastewater, and sewage were only considered if they gave information on the fate of these viruses in wastewater.

3. Source of coronaviruses in wastewater {#s0015}
========================================

Coronaviruses may be introduced into wastewater (domestic and hospital) through several sources, such as handwashing, sputum and vomit ([@b0290], [@b0705], [@b0275]). Additionally, there are reports of viral shedding in urine of individuals infected with SARS-CoV ([@b0905]), MERS ([@b0220]) and SARS-CoV-2 ([@b0520]). However, the main route that has been reported extensively is via the shedding of the viral RNA in feces of infected individuals ([@b0160]; [@b0460], [@b0885], [@b0950]). This section, therefore, focuses on the GI infections and reports of viral RNA in feces.

3.1. Gastrointestinal infections and detection of viral RNA in feces {#s0020}
--------------------------------------------------------------------

Gastrointestinal infections (GI) symptoms, such as abdominal discomfort, diarrhea, GI bleeding, nausea and vomiting, have been observed in patients, indicating GI tract infection ([@b0910], [@b0765]). Studies have shown that the MERS-CoV infects and replicates in human primary intestinal epithelial cells, through the dipeptidyl peptidase receptor ([@b0740], [@b0775]). In-vivo studies showed inflammation and epithelial degeneration in the small intestine before the development of pneumonia and brain infection associated with MERS-CoV ([@b0975]). These findings suggest that in some MERS-CoV, pulmonary infections may be secondary to intestinal infections.

Evidence suggests that the SARS-CoV and SARS-CoV-2 GI infections in humans are mediated through the angiotensin-converting enzyme 2 (ACE2) cell receptor ([@b0920], [@b0760], [@b0070], [@b0145]). The ACE2 enzyme is mainly found attached to the cell membranes of cells in the lungs, arteries, heart, kidney, and intestines ([@b0285]). The binding affinity of the ACE2 receptors has been observed as the most important factor for the infectivity of the virus ([@b0920], [@b0320]). Structural analysis indicates that SARS-CoV-2 uses the human ACE2 receptor more efficiently than the SARS-CoV ([@b0920]). This may be another reason for the faster spread of the SARS-CoV-2. Early reports from Wuhan showed that abdominal pain (an indication of GI infections) was reported more frequently in patients admitted into intensive care, than individuals not requiring intensive care ([@b0910], [@b0765], [@b0155], [@b0345]). These reports also showed that in about 10% of the patients, diarrhoea and nausea symptoms occurred 1--2 days before the development of fever and respiratory symptoms ([@b0765]). This again supports the hypothesis that in some patients, GI infections may occur before the respiratory symptoms. It is estimated that in the first SARS outbreak, between 20 and 25% of the patients had diarrhoea ([@b0335]), a sign of GI infections. Other publications have reported higher diarrhoea incidence among infected people, for instance 20.3%-38.4% ([@b0435]) and 73% ([@b0570], [@b0575]) of patients are reported to have watery dirahhoea. In the current pandemic (COVID-19), reports on frequency of GI infections varies. For instance, [@b0330] reported 3% diarrhoeal frequency. [@b0765] reported GI infections like diarrhea (10.1%), nausea (10.1%), vomit (3.6%), abdominal pain (2.2%). However, official data from the WHO reports that between 2 and 27% of COVID-19 patients have diarrhoea ([@b0810]).

The detection of coronavirus in the feces of infected persons is therefore not surprising, based on the GI infections reported. [@b0180] reported MERS-CoV RNA in 14.6% of stool samples from patients. There are emerging reports of SARS-CoV-2 RNA in stool from patients in the current COVID-19 pandemic ([@b0030], [@b0125]). [Table 1](#t0005){ref-type="table"} presents reports of coronavirus RNA in stool samples from different geographical locations. However, it is unclear how long the shedding continues, a few studies have suggested that RNA can be found in the stool from day 1--25 days after onset of the GI illness ([@b0030], [@b0460], [@b0715], [@b0885], [@b0950]). In another study, SARS-CoV RNA was detected in stool samples from the fifth day, with a peak in viral titer at the 11th day and lasted till the 30th day ([@b0030], [@b0065]). It is also unclear if there is any association between the detection of the viral RNA in stool and the severity or pattern of symptomatology of the disease ([@b0030]). However, it is assumed that both symptomatic and asymptomatic people could spread the virus through their excreta/feces ([@b0535]). In a study conducted in Wuhan, it was demonstrated that in about 10% of COVID-19 patients, viral RNA (some infectious) were still found in the feces even after no viral RNA was found in samples from the respiratory tract ([@b0885]).Table 1Reports of coronaviruses in fecal material.VirusSampleDetection methodsLocationReferenceSARS-CoVFeces and UrineCell monolayer culture and confirmed with RT-PCRHong Kong[@b0140]Feces and UrineCell monolayer culture and confirmed with electron microscopy and RT-PCRBeijing, China[@b0905]FecesCell culture and semi-nested RT-PCRBeijing, China[@b0780]Feces and UrineRT-PCRHong Kong[@b0170]Feces and UrineRT-PCRHong Kong[@b0340]FecesRT-PCRHong Kong[@b0575]Feces and UrineRT-PCRChina[@b0965]MERS-CoVUrineRT-PCRFrance[@b0585]Feces and UrineRT-PCR and sequencingGermany (patient from Abu Dhabi)[@b0220]Feces and UrineRT-PCR and cell culturingRiyadh, Saudi Arabia[@b0180]SARS-CoV-2FecesRT-PCRHubei, Shandong and Beijing, China[@b0770]FecesRT-PCRJinhua, China[@b0950]Anal swabsfull genome sequencing, Cell culture (vero cells) and electron microscopyWuhan, China[@b0945]FecesRT-PCRShanghai and Qingdao, China[@b0115]Fecesviral nucleocapsid stainingZhuhai, China[@b0885]FecesRT-PCRZhoushan, China[@b0710]FecesRT-PCR and sequencingSingapore[@b0925]FecesRT-PCRAZ, CA, IL, MA, WA, and WI, United States[@b0715]FecesRT-PCRShanghai, China[@b0460]FecesRT-PCRGuangdong, China[@b0135]FecesRT-PCRKallang, Singapore[@b0350]FecesRT-PCRHeilongjiang, China[@b0950]FecesRT-PCRChina[@b0895]FecesRT-PCRMacau[@b0470]FecesRT-PCRChina[@b0870]FecesRT-PCRWuhan, China[@b0160]FecesRT-PCRChina[@b0615]FecesRT-PCRShandong Province, China[@b0900]FecesRT-PCRTianjin, China[@b0955]FecesRT-PCRKorea[@b0560]

Detection of the virus in fecal samples has been mainly through RT-PCR, as shown in [Table 1](#t0005){ref-type="table"}. This approach is the gold standard accepted globally for the detection of viral RNA in several types of clinical samples, however a stool sample positive for the virus may only have the RNA but not the infective viable virus. A few methods have used cell cultures ([@b0140], [@b0905], [@b0180]), electron microscopy ([@b0905], [@b0945]) and viral nucleocapsid staining ([@b0885]) for the detection of these viruses in feces. These approaches have shown that some fecal samples may contain viable viruses ([@b0140], [@b0905], [@b0945]), which raises concern for transmission of infections through exposure to feces. The early onset of GI symptoms during infections with coronaviruses could therefore serve as an early warning system, based on early detection of the viral RNA in feces. Furthermore, continuous shedding of the viral RNA in feces after no respiratory symptoms are observed could potentially cause fecal-oral transmission from 'recovered' patients.

3.2. Occurence of coronaviruses in wastewater {#s0025}
---------------------------------------------

Majority of studies on the occurence of viruses in wastewater have focused on nonenveloped enteric viruses, like adenoviruses, polio viruses, enteroviruses, noroviruses and rotaviruses ([@b0915], [@b0225], [@b0360]). This is mainly because these are transmitted primarily through the fecal-oral route ([@b0915]). However, the presence of enveloped viruses like coronaviruses in wastewater could differ greatly due to differences in their survival and partitioning behaviour in water ([@b0915], [@b0040]).

Since the cluster of SARS cases in an apartment block in Hong Kong, traced to droplets containing coronavirus from the wastewater system ([@b0820]), there has been an increased interest in the detection of coronaviruses in wastewater. Initial reports of SARS-CoV RNA in wastewater came from studies conducted at the Xiao Tang Shan Hospital and 309th Hospital of PLA, the designated hospitals to receive SARS patients in Beijing during the 2003 outbreak ([@b0790]). Another reason for increased interest in the occurrence of coronaviruses in wastewater is wastewater-based epidemiology (WBE). This concept aims to use sewage/untreated wastewater analysis as an early warning system for disease outbreak ([@b0880]), since viral RNA can be detected in feces, and subsequently wastewater, weeks before the onset of illness. A few studies have reported the detection of coronavirus in untreated wastewater/sewage ([Table 2](#t0010){ref-type="table"} ). These studies have focused mainly on the detection of these viruses without quantification, therefore it challenging to compare the concentration of the viral titer between studies. The available information shows an increase in these studies during the current pandemic, this could be attributed to the WBE concept,the need for further information on the occurrence of these viruses in wastewater and the avaibility of advanced molecular techniques for viral load quantification. In Paris, [@b0875] detected the presence of the SARS-CoV-2 viral RNA even in the treated wastewater. However, the presence of the viral RNA does not indicate that these viral particles are intact and infectious. Addtionally, in the report the wastewater treatment processes used was not stated.Table 2Reports of coronaviruses in wastewater or sewage.VirusSampleDetection methodLocationReferenceSARS-CoVsewageRT-qPCRChina[@b0790]SARS-CoV-2wastewaterRT-qPCRUSA[@b0860]SARS-CoV-2sewageRT-qPCRNetherlands[@b0490]SARS-CoV-2WastewaterRT-qPCRAustralia[@b0010]SARS-CoV-2Wastewater (treated and untreated)RT-qPCRFrance[@b0875]SARS-CoV-2wastewaterRT-qPCRNetherlands[@b0475]SARS-CoV-2wastewaterRT-qPCRSpain[@b0620]SARS-CoV-2wastewaterRT-qPCRUSA[@b0505]SARS-CoV-2wastewaterRT-qPCRUSA[@b0260]SARS-CoV-2wastewaterRT-qPCRIsrael[@b0540]SARS-CoV-2primary and secondary wastewater and sludgeRT-qPCRSpain[@b0055]SARS-CoV-2Primary sludgeRT-qPCRUSA[@b0565]SARS-CoV-2wastewaternested RT-PCR and real-time qPCRItaly[@b0405]SARS-CoV-2wastewaterRT-qPCRJapan[@b0300]SARS-CoV-2wastewaterRT-qPCRPakistan[@b0650]SARS-CoV-2wastewaterRT-qPCRJapan[@b0305]SARS-CoV-2wastewaterRT-qPCRIndia[@b0390]SARS-CoV-2Wastewater and riversRT-qPCR and whole genome sequencingItaly[@b0625]SARS-CoV-2Waste Activated sludgeRT-qPCRTurkey[@b0385]

The main factor influencing the occurrence of coronaviruses in wastewater will be the concentration of viral RNA shed per gram of feces of an infected person. In general, the concentration of enteric viral particles per gram of feces during diarrhoea has been reported to be 10^10^-10^12^ ([@b0280]). For SARS viral loads of 10^6.1^ gc/g of feces and 10^1.3^ gc/mL of urine have been reported ([@b0340]). Reports of viral load in stool of persons infected with SARS-CoV-2 has varied. For instance, 1.7 × 10^6^--4.1 × 10^7^ gc/mL have been reported by [@b0295], in contrast to 6.3 × 10^6^ --1.26 × 10^8^ gc/g of stool reported by [@b0430]. In anal swabs viral loads of 10^5^ gc/swab for SARS-CoV-2 has been reported ([@b0850]). This shows that the viral load of coronaviruses in feces may be lower than that of enteric viruses. However, additional studies are required to understand how frequently coronaviruses are shed in feces and urine of infected individuals. This information will not only give an idea to the concentrations expected in wastewater but may also provide vital information in understanding the potential of fecal transmission. Information on the shedding frequency will also aid in correlating the viral load in the wastewater with infection rate in the community.

In addition, the per capita water use could affect the concentration of viruses detected in wastewater. Peak times (like mornings and evenings) are associated with higher domestic water usage ([@b0250], [@b0025]), this could result in dilution, therefore, reducing the concentrations of viral load at these times. The survival of these coronaviruses in the environment could be another major factor influencing their occurrence in wastewater. The current belief is that coronaviruses can survive for only a few days in the environment ([@b0355]), however, some studies paint a different picture, this is discussed in detail in [Section 4.1](#s0040){ref-type="sec"}.

### 3.2.1. Methods for the detection and quantification of coronavirus RNA in wastewater {#s0030}

Detection of coronavirus RNA in wastewater has been mainly through molecular techniques involving PCR based methods such as reverse transcription-polymerase chain reaction (RT-PCR) and digital PCR. This is achieved through the amplification of parts of the viral genome, like the genes coding for either the nucleocapsid ([@b0130]), and viral envelop ([@b0175]). Molecular detection of the viral RNA involves three major steps. These include;•**Viral concentration/enrichment:** Due to the potential low concentration of viral titer in wastewater, several options have been used to concentrate the viral particles for analysis. These include; direct analysis of unfiltered wastewater/sewage samples after precipitation with polyethylene glycol (PEG) ([@b0860], [@b0865]). Viral concentration/enrichment through filtration using 0.2um filters ([@b0860], [@b0865]), ultrafilters ([@b0490], [@b0875], [@b0010], [@b0015]) and ultracentrifugation ([@b0260], [@b0015]) have also been reported. Direct RNA extraction from electronegative membranes (0.45-μm) is another method that can be used ([@b0010]).•**RNA extraction:** RNA extraction has generally been performed using commercial kits from a variety of supplies. The most common RNA extraction kits used are RNeasy PowerMicrobiome Kit ([@b0490], [@b0010], [@b0015]), Biomerieux Nuclisens kit ([@b0490]), PowerFecal Pro kit ([@b0875]) and RNeasy PowerWater Kit and RNeasy ([@b0010]). In addition to these RNA extraction kits that have been used in the detection of coronavirus RNA in wastewater, the Centers for Disease Control and Prevention of US has published a list of RNA extraction kits that can be used for SARS-CoV-2 ([@b0130]).

**Amplification of viral RNA:** Amplification of viral RNA extracted from wastewater has been performed with a set of five primers/probes. These primers and probes target different parts of the viral particle as shown in [Table 3](#t0015){ref-type="table"} . Varying results have been reported using these primer/probe sets targeting different parts of the viral genome. For instance, [@b0490] observed positive amplification from all study sites (6) using the N1 primer, as compared to the N3 and E primers that were positive in 5 and 4 study sites respectively. However, in contrast [@b0625] reported a high frequency of positive amplification targeting the ORF1ab gene, compared with the N and E genes that were only positive in three of the positive wastewater samples. These results therefore indicate inconclusive results in relation to the best primer/probe set for amplification of the viral RNA in wastewater*.* This could be attributed to primer/probe sensitivity, PCR inhibitors in the wastewater sampels from different regions/sites and potential stability of the virus and viral genome in these different areas.Table 3Primers/Probes used for the amplification of coronavirus RNA in wastewater.Target genePrimer/ProbeSequenceReferenceNucleocapsid (N)2019-nCoV_N1-F5′-GACCCCAAAATCAGCGAAAT-3′[@b0860], [@b0490], [@b0010]2019-nCoV_N1-R5′-TCTGGTTACTGCCAGTTGAATCTG-3′2019-nCoV_N1-P5′-FAM-ACCCCGCATTACGTTTGGTGGACC-ZEN/Iowa Black-3′Nucleocapsid (N)2019-nCoV_N2-F5′-TTACAAACATTGGCCGCAAA-3′[@b0860], [@b0490]2019-nCoV_N2-R5′-GCGCGACATTCCGAAGAA-3′2019-nCoV_N2-P5′-FAM-ACAATTTGCCCCCAGCGCTTCAG- ZEN/Iowa Black-3′Nucleocapsid (N)2019-nCoV_N3-F5′-GGGAGCCTTGAATACACCAAAA-3′[@b0860], [@b0490]2019-nCoV_N3-R5′-TGTAGCACGATTGCAGCATTG-3′2019-nCoV_N3-P5′-FAM-AYCACATTGGCACCCGCAATCCTG- ZEN/Iowa Black-3′Envelope(E)E_Sarbeco_F5′-ACAGGTACGTTAATAGTTAATAGCGT-3′[@b0490];[@b0875]E_Sarbeco_R5′-ATATTGCAGCAGTACGCACACA-3′E_Sarbeco_P15′-FAM-ACACTAGCCATCCTTACTGCGCTTCG-ZEN/Iowa Black-3′Cor-p-F2(+)5′-CTAACATGCTTAGGATAATGG-3′[@b0790]Cor-p-F3 (+)5′-GCCTCTCTTGTTCTTGCTCGC-3′;Cor-p-R1 (−)5′-CAGGTAAGCGTAAAACTCATC-3′ORF1ab5′-CCCTGTGGGTTTTACACTTAA-3′[@b0050], [@b0390], [@b0625]5′-ACGATTGTGCATCAGCTGA-3′5′-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3′

Other molecular methods have been used for the detection of coronavirus RNA in clinical samples, such as pharyngeal swabs, these include reverse transcription (RT) loop-mediated isothermal amplification (LAMP) ([@b0555], [@b0400], [@b0935], [@b0325], [@b0655], [@b0440], [@b0660]). This method has shown great potential in detecting these viruses in clinical samples, producing results in less than an hour, in some instances within 11 min ([@b0735]). Another molecular technique used for coronavirus detection in clinical and wastewater samples is the digital droplet PCR. This has shown to be have an improved lower limit of detection, more sensitive and accurate compared to RT-PCR for environmental samples ([@b0445], [@b0210], [@b0980]). The use of dPCR may therefore aid in reducing false negatives and positives, especially in samples with low viral titer, like wastewater ([@b0980]).

The molecular detection and quantification of viral RNA in wastewater using these molecular techniques has shown the potential for the use of wastewater analysis to determine the infection incidence with the population. This could be achieved by performing a mass balance on the viral titer in wastewater per day and relating to the RNA copies shed per gram of stool of infected individual in a day ([@b0010]). For instance, [@b0875] reported a correlation between viral load in untreated wastewater with COVID-19 infections in the population served by the wastewater treatment plant in Paris, France. [@b0010] also used this approach in estimating infection within the catchment of a wastewater treatment plant, with the estimates showing reasonable agreement with clinical observations in Queensland, Australia. In addition to the estimation of infected people through the accurate detection and quantification of viral load, this approach could also act as an early warning system. This is possible due to the early shedding (1--2 days) of viral RNA in the stool of a proportion of infected individuals before the onset of pulmonary symptoms ([@b0765]). For instance, [@b0490] detected SARS-CoV-2 viral RNA in wastewater taken almost a week (6 days) before the first case of COVID-19 was reported in the city of Amersfoort in the Netherlands.

4. Fate of coronaviruses in wastewater {#s0035}
======================================

Human enveloped viruses, like coronaviruses, are presumed to undergo rapid inactivation in the water environment ([@b0355], [@b0915]). However, several reports of these viruses in feces and wastewater, as discussed in the sections above, indicate these may be able to survive longer than presumed. The fate of coronaviruses in wastewater may be mediated by two processes; their ability to survive in the extreme wastewater environment and its removal during different stages of wastewater treatment. In this section, we review the current knowledge surrounding coronavirus survival in wastewater and discuss their possible removal by different wastewater treatment processes.

4.1. Survival of coronaviruses in wastewater {#s0040}
--------------------------------------------

There is currently evidence to suggest that SARS-CoV and MERS-CoV are viable under different environmental conditions. [@b0270] reported that it will take 2--3 days for a 99.9% reduction of coronavirus in wastewater, this agrees with data from [@b0785] at 20 °C. In unpasteurized wastewater [@b0915], observed that it takes 13(±1) hours for 90% inactivation. In contrast, [@b0120], reported that it could take up to a week for coronaviruses in wastewater to reduce by 99%. This data was generated using the mouse hepatitis virus (MHV) and transmissible gastroenteritis virus (TGEV) as surrogates for coronaviruses. The experiments were also performed using pasteurized water, which could have eliminated the possible predation action from other microbes in the wastewater. Additionally, the longer survival of the surrogates, MHV and TGEV, as compared to the human coronaviruses, SARS-CoV and MERS-CoV, could be attributed to the subtle difference between these different viruses. It can be concluded, based on the data available, that it could take a maximum of 3 days for 99.9% or a 3 Log reduction of coronaviruses in wastewater at 20 °C. This could, however, be affected greatly by several factors discussed in [Section 4.1.1](#s0045){ref-type="sec"}.

Infectivity of coronaviruses in wastewater could also be affected. The study by [@b0120], indicated that it takes 7--9 days for a 99% reduction in infectious viral titer at 25 °C. Additionally, SARS-CoV seeded into sewage remained infectious for 2 days at 20 °C ([@b0920], [@b0785]). Reports on the occurrence of SARS-CoV-2 in wastewater is mainly based on nucleic acid (RNA) detection. [@b0625] reported no viable SARS-CoV-2 in wastewater based on cell cultures. They estimated that it took 6--8 h from excretion in feces to the wastewater sampling point, therefore the virus may have been inactivated within that period. However, based on data from other coronaviruses (as discussed above) and occurrence of viable SARS-CoV-2 viral particles in feces ([@b0140], [@b0905], [@b0945]), untreated wastewater may contain some viable and infective human coronaviruses.

### 4.1.1. Factors affecting coronavirus survival in wastewater {#s0045}

Survival of coronaviruses and other viruses, in wastewater could be influenced by several factors. These factors can either be intrinsic or external, based on the wastewater or environmental conditions mentioned below;•**Viral structure:** Enveloped viruses, like coronavirus, have been found to have shorter survival periods compared to nonenveloped viruses and are consistent with the survival of tailed phages ([@b0270]). The shorter survival time for enveloped viruses may be due to the action of proteolytic enzymes and detergents on the external lipid envelope of the virus ([@b0035], [@b0915]). Additionally, single stranded RNA is extremely fragile and may be degraded rapidly by RNases abundant in nature ([@b0110]). Therefore being a single-stranded RNA virus, coronaviruses may be easily degraded in the wastewater. However, there is the need for further research to validate these assumptions on the survival of coronaviruses, especially, SARS-CoV-2.•**Wastewater characteristics/composition:** Comparison of the inactivation or survival of coronaviruses suggests that the characteristics/composition of the wastewater may play a major role in their survival. [@b0120], reported that in reagent grade water it will take 44 days for 4 log10 (99.99%) reduction of TGEV and 35 days for MHV at 25 °C. In pasteurized wastewater, it will take 19 days for TGEV and 14 days for MHV to achieve the same inactivation at the same conditions ([@b0120]). The faster inactivation of coronaviruses in wastewater could be attributed to the presence of chemicals with antiviral activity ([@b0695]), proteolytic enzymes produced by bacteria ([@b0120]), protozoan and metazoan predation in the wastewater ([@b0915]). Additionally, survival studies on viruses in wastewater have found that the high molecular weight of dissolved matter, which is common wastewater, may influence their survival ([@b0515]).•**Temperature:** Just like many other microorganisms' temperature has been found to have a greater influence on the survival of coronaviruses in wastewater. Using SARS-CoV seeded into sewage, it was observed that the viruses remain infectious for 14 days at 4 °C, but for only 2 days at 20 °C ([@b0790]). Studies on the survival of TGEV and MHV also showed that at 25 °C it took 19 days for TGEV and 14 days to reduce by 4 log10 in wastewater. However, at 4 °C for the same level of reduction, it will take 98 days for TGEV and 139 days for MHV ([@b0120]). These findings show that in temperate or colder regions coronaviruses may survive longer in wastewater as compared to tropical regions. The decrease in persistence of the virus with increasing temperature could be attributed to the denaturation of proteins and nucleic acids, as well as increase in the activity of extracellular enzymes ([@b0035]).•**pH:** There is a lack of information on the impact of pH on the survival of coronaviruses. However, based on the stability of MHV and TGEV we can deduce the impact of wastewater pH on coronaviruses survival. A pH range of 5--7.4 at 37 °C and 3--10 at 4 °C is considered to be the stable range for MHV ([@b0120], [@b0190]). For TGEV, the stable pH range is 5--7 at 37 °C and 5--8 at 4 °C. Acidic pH has been shown to result in reversible acid denaturation of RNA, through protonation of GC base pairs and consequent formation of Hoogsteen base pairing ([@b0480]). In addition to the impact on viral stability, pH influences viral survival through the impact on adsorption on particles in the wastewater. An increase in viral adsorption is observed with decreasing pH ([@b0640]).

4.2. Removal of coronavirus during wastewater treatment {#s0050}
-------------------------------------------------------

Conventional wastewater treatment processes are mainly designed for the removal of organic matter and suspended solids ([@b0215], [@b0605]). Some degree of pathogen removal is however achieved in the process, but this is mainly effective for bacteria than viruses ([@b0200], [@b0205], [@b0685], [@b0255]).

Several studies have reported the removal efficiency of enteric viruses during wastewater treatment; however, only one study has reported coronavirus removal during wastewater treatment. [@b0875] detected SARS-CoV-2 RNA in treated and untreated wastewater from Paris, concentrations in the treated wastewater were found to be 100 times lower than viral load in the untreated wastewater. However, this study did not report the type of wastewater treatment processes employed in these treatments, nor the viability or otherwise of these viral particles. The viral RNA detected in the treated wastewater could also be pieces of the viral particle, therefore this information is inconclusive in helping to understand the possible removal of coronaviruses during wastewater treatment. Viral adsorption and inactivation have been given as the two main reasons for reduction in water ([@b0075]). This has been observed for Φ6 bacteriophage, which is also an enveloped RNA virus ([@b0075]).

Information from the general removal of viruses and coronavirus surrogates could be used, cautiously, to give additional information on the possible removal of these viruses. For instance, [@b0670] observed that activated sludge treatment processes (ASP) under sub-tropical conditions achieved above 3 log~10~ removal of enteric viruses. ASP is a common wastewater treatment process used extensively across the globe ([@b0380], [@b0675], [@b0525]). This treatment process includes primary settling, biological degradation and secondary clarification ([@b0670], [@b0365]). At equilibrium in wastewater, [@b0915] demonstrated that MHV (used as a surrogate for human coronaviruses) adsorbs to the wastewater solids more rapidly. They estimated that 26% of the MHV will be adsorbed to the wastewater solids at equilibrium, with 99% equilibrium occurring at 0.4--2.9 h. Therefore, it can be postulated that during ASP processes the highest removal of coronaviruses may occur at the primary settling stage. It has been reported that microbial inactivation increases with increasing hydraulic retention time (HRT), till a saturation is reached ([@b0235]). For instance, in a wastewater pond system, [@b0750] reported an average of 1 log10 reduction of viruses for every 14.5--20.9 days of retention. Therefore, in addition to adsorption to solids, a longer HRT may also be critical in inactivating coronaviruses in wastewater. The adsorption of coronaviruses to the solids therefore means a high concentration may be expected in the sludge. Anaerobic digestion of sludge, which is a common sludge treatment process, has proven to result in reduction of pathogenic microorganisms. [@b0635] demonstrated that mesophilic anaerobic digestion could achieve above 5.9 log~10~ reduction of the Φ6 bacteriophage. This could be attributed to protein and nucleic acid denaturation at higher temperatures. We can there conclude that coronavirus adsorbed on the wastewater solids could be effectively removed (almost by 6 Log10 units) during anaerobic digestion.

Viral removal between 2 and 3 log10 has been reported for different types of viruses during membrane bioreactor (MBR) treatment ([@b0590], [@b0495], [@b0595]). Other studies have reported Log removal of viral particles greater than 4 ([@b0150], [@b0680], [@b0395]). The main mechanism in the MBR processes responsible for viral, and other pathogen removals, is retention or size exclusion. [@b0150] reported that retention by a 0.04 µm membrane accounts for over 50% removal of different viruses and phages. An additional 1.0 Log~10~ of these viruses were attached to mixed liquor suspended solids which facilitates the retention. The most commonly used membrane technologies in wastewater treatment are the microfiltration (0.1--0.2 μm) and ultrafiltration (0.005 ≈ 10 μm). There are reports of microfiltration membranes of bigger pore sizes (0.2--0.4) in use ([@b0530]). With an average viral particle diameter of 120 nm (0.12 μm) and envelop diameter of 80 nm (0.08 μm) ([@b0510]) coronaviruses, the best membrane technology for their removal will be ultrafiltration. The adsorption of coronaviruses to solids in wastewater may enhance their removal.

Tertiary wastewater treatment processes such chlorination and UV treatment may also result in further removal of remaining coronaviruses in the wastewater. [@b0785] reported that SARS-CoV can be inactivated completely by 20 mg/L chlorine in 1 min. They observed that Chlorine dioxide was less effective for the inactivation of SARS-CoV as compared with free chlorine, similar results have been reported for other viruses ([@b0930], [@b0795], [@b0185], [@b0450]). Chlorine has been reported to inactivate viruses through the cleavage of the capsid protein backbone of viruses, therefore inhibiting viral genome injection into host cells ([@b0830], [@b0825], [@b0545]).

Several studies have also reported the inactivation of coronaviruses using UV irradiation ([@b0665], [@b0375], [@b0120], [@b0785]). [@b0580] reported that enveloped viruses, like coronaviruses are more sensitive to UV than non-enveloped viruses. The main mechanism through which UV inactivates coronaviruses could be through the generation of pyrimidine dimers which damages the nucleic acid ([@b0690]).

It must be noted that in addition to the specific wastewater treatment processes that may result in the removal or inactivation of coronaviruses, factors affecting their survival in wastewater ([Section 4.1.1](#s0045){ref-type="sec"}) may also contribute significantly.

5. Risk of infection with coronaviruses found in wastewater {#s0055}
===========================================================

The occurrence of infective viral particles of coronaviruses in wastewater may pose health concerns for people who come into contact with the wastewater. Live SARS-CoV-2 has been isolated from stools of patients ([@b0945], [@b0770], [@b0885]), in one instance 15 days after onset of the disease ([@b0945]). With the observation that it may take 2 days for a 99% reduction in infectivity ([Section 4.1](#s0040){ref-type="sec"}), it is safe to assume that some of the viral particles may still be infectious. The present belief is that SARS-CoV-2 has a low infectious dose ([@b0420]), therefore the viral loads in the wastewater could still pose a great risk. The available information on the viral survival implies that the populations at greatest risks are people exposed to the raw sewage. This could be workers at wastewater treatment plants (WWTPs) and the general public who may be directly exposed to the sewage via faulty plumbing or sewer networks. Despite these fears till date there is no evidence for the transmission of COVID-19 due to exposure to wastewater ([@b0810]).

5.1. Potential risks of infection for wastewater operators/workers {#s0060}
------------------------------------------------------------------

There is evidence to suggest that GI infections may occur first in a subset of coronavirus infections ([Section 3.1](#s0020){ref-type="sec"}), which means that workers at WWTPs may be exposed to these pathogens days before an outbreak is reported. Exposure within the WWTPs could be through two major routes; aerosol inhalation or direct contact with infectious viral particles.

### 5.1.1. Inhalation of aerosols containing the infectious viral particles {#s0065}

Inhalation of aerosols or droplets contaminated with infectious viral particles has been reported as the main route through which coronaviruses are transmitted in WWTPs ([@b0425], [@b0245], [@b0730], [@b0005]). However, no study has considered the risks posed to workers in WWTPs, therefore there is a lack of information on the possible infections from this exposure. Aerosolization of Ebola virus (also an RNA enveloped virus) surrogates have been reported in wastewater systems ([@b0455]), which shows the potential of detecting coronaviruses in aerosols from wastewater. Several factors may influence the infection of WWTP workers through inhalation of aerosols contaminated with coronaviruses;A.**Emission rate:** This refers to the amount of the infectious viral particles released per unit of time. This is a function of the availability of the virus and its aerosolization rate ([@b0745], [@b0645], [@b0755]). Currently, there is no information on the emission rate for coronaviruses in aerosols during wastewater treatment.B.**Meteorological factors:** Wind speed, wind direction, turbulence and deposition are all factors that will greatly influence the transmission of pathogens, including viruses, through aerosols ([@b0745]). These factors influence, the height of the aerosols generated, and the distance covered. Higher wind speed could also result in the exposure of populations living close to the WWTPs to the coronavirus.C.**Viral inactivation:** This is expressed as a function of time and meteorological factors, such as temperature and humidity ([@b0960]). At 25 °C and relative humidity (RH) of 79%, over 60% of coronaviruses in aerosols/droplets have been found to remain infectious for up to 60 min, however at much warmer temperature, of 38 °C and 24% RH, only 4.7% remained infectious ([@b0600]). Therefore, it is safe to assume that within an hour aerosol contaminated with coronaviruses will still contain some number of infectious particles that may result in infections.D.**Amount of infectious viral particle inhaled:** The breathing rate, lung volume and particle size are important factors here (([@b0195], [@b0845], [@b0630]). Men have larger nasal cavities, and longer, narrower and higher nasal floors than females of the same body size ([@b0230], [@b0060]). This may result in inhalation of higher number of infectious viral particles by male than female workers of WWTPs resulting in higher risks of coronavirus infection.E.**Host health response:** The final and most important factor to consider in assessing the possibility of infection for WWTP workers is the host response to the inhaled dose. It is currently known that most critical cases of infection with coronaviruses are seen in people with underlying conditions like diabetes mellitus, chronic lung disease, and cardiovascular disease ([@b0865], [@b0095], [@b0240]). However, healthy individuals are also infected upon exposure, therefore all workers within the WWTPs irrespective of their health status may be at risk of infection especially when surface aeration is used as compared to diffused aeration.

### 5.1.2. Direct contact with the infectious viral particle deposited on formites {#s0070}

Beyond direct inhalation of aerosols in the WWTPs, direct contact with the infectious viral particles deposited on contact surfaces may also result in infections. The potential for aerosols contaminated with infectious viral particles been deposited on contact surfaces/formites is high within the WWTPs. The detection of coronaviruses in environmental samples, especially in nosocomial infections ([@b0890], [@b0100]) and evidence that intranasal instillation could cause infections ([@b0890]) shows that direct contact with the viral particles on formites may be a major route of transmission. The findings that handwashing reduces the risks of infections with these viruses further supports the role of direct hand contact in the transmission ([@b0890], [@b0415], [@b0725]). Analysis of studies on the survival of coronaviruses on surfaces, showed that these infectious viral particles can survive up to nine days at room temperature ([@b0355]). However, they can be easily inactivated within a minute using 62--71% ethanol, 0.5% hydrogen peroxide or 0.1% sodium hypochlorite. In addition to viral particles deposited on formites/contact surfaces within the WWTP, direct exposure to the viral particles may occur during removal and transportation of primary and secondary sludge. Some WWTPs may not have facilities for onsite sludge treatment, which requires the collection and transportation of the sludge for treatment off-site. Occurrence of human coronaviruses been reported in sludge both treated ([@b0085], [@b0080]) and untreated sludge ([@b0080]). This could therefore be another significant exposure route for workers of the WWTPs. For instance, [@b0800] reported a high risk of viral infection for workers during sludge dewatering. Therefore, without proper hygienic practices and use of PPE, WWTP workers could be exposed to infectious coronavirus particles deposited on surfaces and in sludge.

5.2. Potential risks for the general public {#s0075}
-------------------------------------------

The case of SARS infections from the apartment block in Hong Kong, highlighted the role of the wastewater system or sewer networks in the spread of infections ([@b0820]). This was spread through droplets from SARS-CoV contaminated sewage from a faulty plumbing. It therefore shows that exposure to the sewage containing infectious coronaviruses may lead to the spread of the virus. In addition to faulty plumbing within residential facilities, burst sewer networks discharging untreated wastewater into the community may be another route of transmission. Faults in sewer networks, either structural or hydraulic, may take a long time before repairs ([@b0370]), which could increase the risks. Areas with inadequate sanitation, which means no sewer networks, will have higher risks of exposure to the coronavirus in the sewage. Exposure to the untreated sewage in these circumstances may pose higher risks than the risks exposed to the workers at the WWTPs. This is because this exposure may occur minutes or hours after excretion of the viral particles where infectivity may still be high. Furthermore, the discharge of treated wastewater directly into surface water bodies could potentially lead to exposure for the general public. This is especially critical in areas where WWTPs are not working effectively resulting in occurrence of pathogens in the final effluent. Occurrence of coronaviruses in surface water has been reported in Saudi Arabia ([@b0090]) and Kazakstan ([@b0020]). [@b0625] also detected SARS-CoV-2 RNA in surface water which they attributed this occurrence to discharge of non-collected domestice wastes or urban runoff from domestic effluents. However, no viable viral particle was founf based on cell cultures, which indicates the potential absence of risks of infections from surface water.

6. Scope for further reseach {#s0080}
============================

Further work is required to fully assess the possible risks from coronaviruses in wastewater. Future studies in this regard could focus on;1.The shedding frequency of coronavirus RNA in feces and urine: This is necessary in understanding the viral load in the wastewater per an infected person or population.2.Optimization of methods for the detection and quantification of coronaviruses in wastewater: There is the need for more research on the effective recovery of coronavirus from wastewater and optimization of the RNA extraction methods. Additionally, the different primers used for the amplification of the viral particles could introduce uncertainties into the results due to difference in stability of the various parts of the viral particle. Therefore, there is the need for research to understand how stable the different viral particles are in wastewater.3.Survival of coronavirus in wastewater under field conditions: Although a few studies have looked at the survival of these viruses in wastewater, these have been laboratory scale studies either using viral surrogates or pasteurized wastewater. The survival rates could therefore be different under field conditions.4.Efficiency of different conventional wastewater treatment processes in removing or inactivating coronaviruses. Only one study so far has analysed treated wastewater for coronaviruses. The lack of interest could be attributed to the earlier belief that these viruses may not occur, and even if they do will be in low viral loads, in wastewater. However, the increasing evidence that this might not be the case, calls for studies on how conventional wastewater treatment processes may either remove or inactivate coronaviruses.5.To fully understand the risks posed to WWTP workers, a full risk assessment is necessary. This should consider; emission quantification, atmospheric dispersion, dose estimation and probability of infection using dose response models.6.Survival in sludge and receiving waters: Due to the potential risks of infection from exposure to coronavirus in sewage sludge and the receiving environment (rivers and lakes), there is the need to ascertain the survival of the virus in these environments.

7. Conclusion {#s0085}
=============

Coronavirus infections are a serious threat to health systems globally. The frequency of outbreaks with these viruses calls for concerted efforts to understand their occurrence and survival in different environments and how that may contribute towards an increase in infections. The current knowledge on the occurrence of coronaviruses in wastewater is scant, this makes it difficult to fully understand their behaviour in this environment. The few reports of viral RNA belonging to these viruses in wastewater means this could potentially expose larger numbers of people to these infections.

The main conclusions that can be drawn from this review are;1.Coronavirus RNA are shed in feces leading to their occurrence in wastewater. This could assist in early detection of outbreaks as well the use of wastewater-based epidemiology for estimation of infection levels in populations.2.The viruses can survive for few hours to days in wastewater, remaining infectious in the process. Therefore, exposing the general public and wastewater treatment plant workers to possible risks of infections.3.The survival of coronaviruses in wastewater is influenced by several factors, such as viral structure, temperature, wastewater composition/characteristics and pH.4.Additionally, conventional wastewater treatment processes can potentially inactivate or remove these viruses. However, the viral RNA may still be found in the treated wastewater.
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